Electro and photoelectrochemical reduction of nitrite in aqueous solution was studied using a multielectrocatalysts modified ITO electrode. ITO modification was carried out using the layer-by-layer (LBL) method, where sequential electrostatic assemblies were formed using a m- (meso-5,10,15,20-tetra (pirydil) Nitrite reduction on these electrode surfaces was studied in dark conditions and under light irradiation. Potential controlled electrolysis experiments were also performed, finding hydroxylamine, hydrazine and ammonia as the reduction products in dark conditions. Under light irradiation, only hydrazine and ammonia were found and, we observed an increase in the amount of obtained product. In this case, the electrolysis was carried out 150 mV less and half of time than in dark conditions. These results show that the combination of light and potential give rise to an improvement in the electrocatalytic properties of the modified electrodes. Continuous photolysis and IR spectroelectrochemical experiments were carried out to determinate the nature of this phenomena, evidencing the formation of an intermediary species between nitrite and [Mn(III)TRP] 5+.
INTRODUCTION

Nitrite ion, NO 2
À
, is an intermediate species in the nitrogen cycle resulting from the oxidation of ammonia or from reduction of nitrate [1, 2] . Nitrite is strongly related to human life because it is used as a preservative of foods and a color fixative for meats [3] . On the other hand, atmospheric nitrite is oxidized to HNO 3 by OH radicals. Nitric acid is a component of acid rain, which in contact with soils, generates nitrites and nitrates increasing their concentration in this complex environmental matrix [4, 5] and in ground water [3, 4] . The removal or conversion of nitrites and nitrates in water to harmless compounds, is one of the current issues in environmental remediation [3] .
The influence of nitrite in human health has been recognized since nitrite contained in drinking water and foods is a serious health risk for human beings such as metahemoglobinemia, where Fe(II) present in hemoglobin (Hb) protein is oxidized to Fe(III) generating methahemoglobin (metHb) which is incapable of perform its physiologic functions [6] . On the other hand, nitrite ion is able to react with secondary amines or amides to form nitrosamines or nitrosamides, that can act as carcinogenic agents [7] .
Several analytical methods have been proposed to determine nitrite including spectrophotometry [8, 9] and chromatography [10, 11] . Nitrite has been important from the point of view of electrochemistry, because is oxidized to nitrate and reduced to nitric oxide or other compounds [3] . In most common electrodic surfaces, nitrite reduction is thermodinamically favorable, but the charge transfer kinetics associated with the reaction is slow, and needs high overpotentials [2] . For this reason, the use of an electrocatalyst is necessary. In this sense, nitrite reduction has been reported using different kinds of modified surfaces with metals [12] [13] [14] , metal oxides [15] [16] [17] [18] and diferent types of transition metal complexes like porphyrins [5, [19] [20] [21] [22] [23] [24] [25] , phtalocyanines [26] , corrols [27] , cyclams [28] among others.
Recently Winther-Jensen et al. described a method to reduce nitrite using PEDOT-bipyridinium-Fe-complex electrodes, finding that it is possible to reduce nitrite at À0,65 V vs Ag/AgCl, in aqueous media, giving only ammonia as reaction product. The system selectivity have been explained in terms of the formation of an Fenitrosyl complex, which is reduced to ammonia in a five electron step, giving an important evidence about the effect of coordination chemistry in the design of an efficient electrocatalyst for the reduction of nitrite [29] .
Polyoxometalates (POMs) are oligomeric aggregates formed by metal cations and bridged by oxygen atoms. Due to its unique structure POMs are very versatile compounds. Their properties such as size, redox chemistry, charge distribution and photochemical activity can be modulated according to its chemical composition; for these reasons their chemical reactivity has been studied in many applications such as biologic assays [30] or as catalysts in chemical reactions with technological interest [31] .
POMs (heteropoly and isopolyoxometalates) have been used as material to modify electrodic surfaces, its activity in acid media toward the hydrogen evolution and oxygen [32] , nitrite [33] , bromate [34] and iodate reduction [35] have been tested.
Recently, Liu et al [36] . have reported the use of POM in hybrid fuel cells, which uses the previously mentioned catalyst to degrade biomass under light irradiation, and to reduce oxygen in the same device, showing the photoelectrocatalytic activity of this kind of clusters.
In 1993, Araki and coworkers synthesized the m-{meso-5,10, 15, 20-tetra (pyridyl) porphyrin} tetrakis {bis(bipyridine) chloride ruthenium(II)}(PF 6 ) 4 (TRP) and its respective metal complexes with Co(II), Ni(II) and Zn(II) [37] starting from a free base pyridyl porphyrin and the corresponding ruthenium complex. These kind of compounds have been previously used in a wide range of electrochemical studies including environmental and technological applications such as sulfite, nitrite, oxygen and carbon dioxide reduction using the above mentioned complexes as an homogeneous catalyst in several solvents [38] [39] [40] [41] [42] . Its capacity to act as an efficient electrocatalyst is mainly due to the combination of the coordination and redox properties of porphyrins and the redox and photochemical properties of ruthenium polypyridyl substituents, which improve electron transfer, hence, this kind of compounds can be used to achieve multielectronic redox processes.
It was previously demonstrated that ITO electrodes modified with bilayers containing [SiW 12 O 40 ] 4À and tetraruthenated porphyrins present strong photoelectrocatalytic behavior toward carbon dioxide reduction, showing that at À0,8 V vs Ag/AgCl this kind of electrodes can lead to multielectronic reduction of CO 2 , producing high reduced compounds such as methanol, formic acid or formaldehyde in dark conditions; changing to a more selective product distribution when the system is under irradiation of 440 nm [43] .
In the present work multimetallic porphyrins/POMs films have been investigated toward the electrocatalytic reduction of nitrite.
EXPERIMENTAL
Chemical reagents
All chemical reagents were of analytical grade or better. Silicontungstinic acid [H 4 SiW 12 O 40 ] and ammonium hexafluorophosphate were purchased from Fluka. Mn(III) acetate, Zn(II) acetate, Ni(II) acetate, 5,10,15,20-tetra pyridyl-21H, 23H-porphine, sodium perchlorate, tetrabuthylammoniun nitrite (TBAN), triethanolamine (TEA), and 2,2-dipyridyl were purchased from SigmaAldrich. Lithium chloride was purchased from Fisher Scientific. Ruthenium (III) chloride trihydrate was purchased from Pressure Chemical Co. Sodium nitrite was purchased from Riedel-deHaën. N,N-dimethylformamide (DMF), ethanol, methanol, acetone, glacial acetic acid, deuterated acetonitrile and neutral alumina were purchased from Merck.
The synthesis of the precursor complex cis-dichloro (2,2-bipyridine) ruthenium (II) dihydrate was carried out based on a procedure previously described in the literature [44] . Supramolecular complexes m-{meso-5, 10, 15, 20-tetra (pyridyl) porphyrin} tetrakis {bis(bipyridine) chloride ruthenium(II)}(PF 6 ) 4 [40, [45] [46] [47] [48] . The purity of these compounds was checked by optical absorption spectroscopy, elemental analysis and cyclic voltammetry.
Procedures
Electrochemical experiments were carried out in a CH Instruments model 620B electrochemical workstation using a threecompartment Pyrex glass cell. An Indium Tin Oxide (ITO) electrode (Delta Technologies, MN U.S.A) was used as the working electrode with Ag/AgCl (3 M KCl) (CH Instruments, TX, U.S.A.) as the reference and Pt wire as the counter electrodes respectively.
All potentials values informed in this work are quoted against Ag/AgCl (3MKCl) reference electrode. Photoelectrochemical experiments were carried out using a three compartment cell with a quartz window irradiated with light of 440 nm, provided by a 500W Xenon-Mercury lamp system (Oriel Co) coupled to a monochromator (Jarrell Ash, Czerny-turner).
Controlled potential electrolysis experiments were carried out on a BASI POWER MODULE PWR-3 potentiostat. The experiments were performed in a gastight H type cell. UV-Visible data were recorded on a Shimadzu Multispec 1501 spectrophotometer.
IR-SEC measurements were carried out in a Bruker Equinox 55 spectrometer along with a Pine Biopotentiostat Model AFCBP1.
Continuous photolysis experiments were carried out on a sealed quartz cell irradiated with white light provides by a 500W Xenon-Mercury lamp system (Oriel Co).
AFM images were registered on a Bruker NanoScope Innova AFM along with NanoDrive v8.01 software.
All XPS spectra were obtained by a XPS spectrometer, Physical Electronic model 1257. 
Photoelectrochemical reduction of nitrite
Photoelectrochemical reduction experiments were studied by LSV in a 1 mM NaNO 2 , 0.1 M NaClO 4 aqueous solution, between À0.1 V and À0.9 V at 5mVs
À1
. For this study the electrode was 5 cm from the lamp where light of 440 nm had an intensity of 20 mW cm À2 .
Controlled potential electrolysis
Controlled potential electrolysis experiments were carried out using a three bilayer [MTRP] n+ /[SiW 12 O 40 ] 4À modified electrode and a 0.01 M NaNO 2 , 0.1 M NaClO 4 aqueous solution. In dark conditions the experiment was carried out for 6 hours at À0.8 V.
Under light irradiation the time of electrolysis was 3 hours and the potential was set at À0.65 V. The analyses of aqueous products (hydroxylamine, hydrazine and ammonia) were carried out using previously reported methods [50] [51] [52] .
IR-Spectroelectrochemistry experiments for nitrite reduction
The design of the IR spectroelectrochemical cell has been previously reported [53, 54] . All spectroelectrochemical experiments were carried out in a deuterated acetonitrile solution with 1 mM [MTRP] n+ 0.1 M TBAH 0.1 M TBAN. All solutions were prepared under an atmosphere of dry nitrogen in a dry box. Blank deuterated acetonitrile solution with 0.1 M TBAH and TBAN were used for the FTIR solvent subtraction. in MeOH/TEA 99:1%v/v. In these experiments the solution was irradiated with white light by five minutes, and then UV-vis spectrum was collected. This procedure was repeated five times until reach 25 minutes of irradiation in total. The experiment was repeated with new fresh solutions of [MTRP] n+ , containing in addition 1 mM of tetrabutyl ammonium nitrite (TBAN) in the solution. unshared oxygen, bridging oxygens (corner-shared and edge shared) and a coordinating oxygen to the Si atom [55, 56] . bilayers modified electrode (ME). All experiments were recorded at 100 mV/s.
Continuous Photolysis experiments for nitrite reduction
RESULTS
Preparation of [MTRP
As it can be seen in Fig. 2a, Results show that the absorbance of all transition bands increase with the number of bilayers. In Fig. 2b it is possible to see the linear relationship between the absorbance at the Soret band and the number of bilayers adsorbed, showing that with each bilayer deposition the amount of chromophore on the electrode surface increases.
As 4À ME.
The differences in the current and absorbance values for each ME can be explained in terms of its thickness. Previous studies [49] showed Ru3d5 (280.5 eV) results from the porphyrin [60, 61] . These results reinforce the electrochemical and UV-vis data already discussed. The stability of the modified electrodes in aqueous solution was studied evaluating the voltammetric anodic and cathodic peak of the Ru III/II process. For the three bilayers modified electrodes, the current does not decrease in the anodic and cathodic peak over 100 potentiodynamic cycles. The voltammetric profiles of the ME are presented in Fig. 4 and were obtained in a 0. ME. This could be due to the amount of electroactive material adsorbed on the ITO surface. In this sense, morphological study was performed by AFM technique. The images were acquired using tapping mode. Fig. 5a , b and c, shows the 3D AFM images for an ITO respectively. For ITO electrode a smooth and homogeneus covered surface is observed. In the case of modified electrodes it is possible to observe a random distribution of aggregates in a pseudospherical shape. In Fig. 5b , the AFM image shows larger aggregates, very close to each other, which generates a heterogeneous film with a higher coating zone. In Fig. 5c , it is possible observe aggregates of smaller size. The described contrasts of these images allow us to conclude that the order in the bilayer formation has a direct effect on the surface morphology. These results strengthen the idea of the influence of the external layer in the morphology and the electrochemical properties of the ME. 
Controlled Potential Electrolysis-Reduction Products and Intermediates Detection
The reduction products for the electrochemical reduction of nitrite at [MTRP] n+ /[SiW 12 O 40 ] 4À ME, were determined after 6 hours of controlled potential electrolysis at À0.8 V vs Ag/AgCl. Hydroxylamine, hydrazine and ammonia were detected as reaction products, corresponding to a transfer of four, five and six electrons (See eqs. (1), (2) and (3)).
No other products were detected by the analytical methods used in this work. The electrolysis results are summarized in Table 1 TOF (turn over frequency) [5, 43] TON (turn over number) [43, 62, 63] and faradaic efficiency values were obtained from controlled potential experiments, and they are summarized in Table 1 . The first two values are indicators of the real catalytic activity of each ME. For all cases, the trend is the same that those observed for total amount of reaction product obtained. Whereas faradaic efficiency indicates that the distribution of obtained products is favorable for N protonated species, while gaseous products must be in low level of production. Compared to other modified electrodes with coordination compounds was found that TOF calculated values are low [5, 29, 64] . However, when comparing the concentration levels of the products obtained, these values are in the same order of magnitude. Even, the present electrodes are able to generate highly hydrogenated products (ammonia) that with other systems can not be obtained [64] .
IR spectroelectrochemical experiments
One pertinent question is related with the change in the activity/selectivity of the modified electrodes and the influence of central metal ion coordinated in the cavity of the macrocycle, thus in order to acquire molecular insights about the coordination properties of the macrocycle, as a previous path to electron transfer and products release, IR spectroelectrochemical experiments were carried out for complexes used in this work. corresponding to the double bonds vibrational modes [65] of the porphyrin ring. As negative potential is applied, the band at 1446 cm À1 decreases its intensity according with the reduction of the macrocyclic ligand. While the others in 1422 and 1466 slightly increased its intensity. However is presence of nitrite (Fig. 7b) , at open circuit potential only one set of bands is observed where (Fig. 7d ) a broad band is observed without resolution indicating the lack of specific interactions.
Photoelectrochemical Reduction of nitrite
These modified electrodes undergo multiple electronic transitions in the range of visible light. This property can be combined with the electrocatalytic behavior showed for nitrite reduction, giving rise to a synergistic effect between polarization, over potential and light excitation. Fig. 8a present the I/E curve for an ITO in presence of nitrite in darkness and under light irradiation. For the ITO electrode, it can be seen that under light irradiation the current associated to nitrite reduction increased, evidencing a photoelectrochemical effect associated with the semiconductor properties of this substrate. On the other hand, for the ME (Fig. 8b, c and d) 4À ME present an onset potential 300 mV more negative for the nitrite reduction process, however, there is a significant current enhancement.
Potential controlled electrolysis and detection of intermediaries
Potential controlled electrolysis experiments were performed at À0.65 V (vs Ag/AgCl) for three hours. These conditions are 150 mV less negative and half of the time than the experiments in dark conditions and were carried out to highlight the activity under irradiation. The obtained reaction products were hydrazine and ammonia, showing that potential and light combination promotes the transfer of 5 and 6 electrons to nitrite. The results are summarized in Table 2 .
As it can be seen, the biggest amount of hydrazine produced under light irradiation was obtained with the for the TOF values and in the increase in 4 orders of magnitude for the TON values (see Table 2 ). ) show that the effect of the combination of light and potential generates highly protonated products and the generation of gaseous products is low.
The described results, agree with the hypothesis of a synergic behavior by the integration of photocatalysis and electrocatalysis, leading to an improve in the electrocatalytic behavior of the modified electrodes, were the applied potential facilitates the separation of photoinduced carriers while light absorption lowers the energetic barrier promoting the electron transfer [43, 67] . Fig. 9d ), it can establish that the reduced species is the porphyrin radical form (Eqs (4)- (6) Fig. 9a ). However, a different behavior can be notice in the presence of TBAN, were a new Soret band at 430 nm arises with the consecutive irradiation (Fig. 9b ). This is a proof of the reduction of the metal center in the porphyrin, from Mn III to Mn II (Eq. (7)) [40] 4À ME under light irradiation, where compared to the behavior in dark conditions (see Fig. 8 ), the reduction potential was higher. In this case, nitrite reduction involves a higher kinetic barrier due to the stable complex formed but, at the same time, this complex give rise to the formation of higher reduced product, evidenced in the increase of ammonia production for this ME. 
Photolysis experiments
Consequently based in the presence of experimental data and related literature a probable mechanism can be suggested (See Scheme 1).
CONCLUSION
Electrochemical measurements demonstrated that it was possible to adsorb three [ , the amount of electroactive material adsorbed was higher. All ME used in this work, exhibit electrocatalytic behavior for nitrite reduction in aqueous media, giving rise to the formation of hydroxylamine, hydrazine and ammonia. Combination of light and potential generates a synergistic effect where all ME improve their electrocatalytic activity changing the selectivity and increasing the amount of reaction product.
Particularly onset potential for nitrite reduction is the more negative of the complex series studied, however, its behavior for ammonia production is highly enhanced. IR spectroelectrochemical and photolysis experiments probe that [Mn(III)TRP] 5+ form a complex with nitrite which in photoelectrochemical conditions is highly reactive.
